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Arg80 and Mcml, two members of the MADS box family of DNA-binding proteins, regulate the metabolism
of arginine in association with Arg81, the arginine sensor. In spite of the high degree of sequence conservation
between the MADS box domains of the Arg80 and Mcml1 proteins (56 of 81 amino acids), these domains are
not interchangeable. To determine which amino acids define the specificity of Arg80, we swapped the amino
acids in each secondary-structure element of the Arg80 MADS box domain with the corresponding amino acids
of Mcm1 and assayed the ability of these chimeras to regulate arginine-metabolic genes in place of the wild-type
Arg80. Also performed was the converse experiment in which each variant residue in the Mcm1 MADS box
domain was swapped with the corresponding residue of Arg80 in the context of an Arg80-Mcml1 fusion protein.
We show that multiple regions of Arg80 are important for its function. Interestingly, the residues which have
important roles in determining the specificity of Arg80 are not those which could contact the DNA but are
residues that are likely to be involved in protein interactions. Many of these residues are clustered on one side
of the protein, which could serve as an interface for interaction with Arg81 or Mcm1. This interface is distinct
from the region used by the Mcm1 and human serum response factor MADS box proteins to interact with their
cofactors. It is possible that this alternative interface is used by other MADS box proteins to interact with their

cofactors.

The Arg80 (ArgRI) and Mcml proteins of Saccharomyces
cerevisiae belong to the MADS box family of transcriptional
regulatory factors, which consists of about 100 members (3).
These DNA-binding proteins are found in yeast species, flies,
plants, and humans and play important roles in diverse biolog-
ical functions. In humans, the serum response factor (SRF)
regulates immediate-early gene expression (for a review, see
reference 19), whereas the myocyte enhancer factor 2 (MEF2)
family plays a pivotal role in morphogenesis and myogenesis
of skeletal, cardiac, and smooth muscle cells (29). Recently
MEF2A, MEF2B, MEF2C, and MEF2D were shown to acti-
vate gene expression in response to mitogenic signaling path-
ways (6). In plants, MADS box genes encode homeotic pro-
teins that control flower organ identity. In addition, these
proteins regulate the timing of floral initiation and flower mer-
istem identity as well as various aspects of ovule, fruit, leaf, and
root development (9, 33).

Different yeast species also contain MADS box proteins. In
Schizosaccharomyces pombe, the mapl gene encodes a protein
required for cell-type-specific gene expression, and in Ustilago
maydis, umcl encodes a protein that regulates the expression
of pheromone-inducible genes (20, 41). In S. cerevisiae, there
are four MADS box proteins, Mcm1, Arg80, Rlm1, and Smpl,
that fall into two distinct groups. Mem1 and Arg80 are closely
related to the human SRF and plant AGL3A proteins, whereas
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RIm1 and Smpl belong to the MEF2-like family (3). RIm1
controls expression of genes required for cell wall integrity,
while Smpl1 is involved in osmotic stress response mediated by
the Hogl signal transduction pathway (8, 10, 40). Mcml1 is
essential for cell viability and controls G,/S and G,/M cell cycle
transitions (2, 22, 28), mating (18), osmotolerance (21), recom-
bination (15), minichromosome maintenance (30), and argi-
nine metabolism (24). Mcm1 works to control these diverse
sets of genes through interactions with different cofactors. The
role of Arg80 is to combine with Mcml to regulate the cell’s
metabolism in response to different levels of arginine. Both
Mcm1 and Arg80 are stabilized in the nucleus by Arg82, an
inositol polyphosphate multikinase (14, 27, 34). In the absence
of Arg82, many cellular processes are impaired as a result of
decreased levels of Mcml1 (12, 14). To regulate the expression
of arginine-anabolic and -catabolic genes, Arg80 and Mcml
combine in a complex with Arg81, which acts as an arginine
sensor (4). In the presence of high arginine concentrations, this
Mcm1-Arg80-Arg81 protein complex is able to bind to DNA
target sequences called “arginine boxes” to repress or activate
transcription (for a review, see reference 25).

The X-ray structures of the protein/DNA complexes of three
proteins from the MADS box family (SRF, Mcml, and
MEF2A) have been solved (31, 36, 38) and have revealed that
their overall structures are very similar. There is a high degree
of sequence similarity between the MADS box domain of
Mcml and Arg80 (56 of 81 amino acids), suggesting that Arg80
has an overall structure similar to that of the Mcm1 MADS box
domain. The MADS box domains of Mcm1 and Arg80 are
sufficient to carry out their cellular functions (18, 32). How-
ever, in spite of the high degree of sequence conservation, the



5742 JAMAI ET AL.

Mcml and Arg80 MADS box domains are not interchange-
able, suggesting that their specificities of function must result
from subtle differences in the two proteins. The 25 residues
which differ between the domains of Arg80 and Mcm1 could
result in different local conformations, allowing Mcml1 to re-
cruit a different set of gene-specific regulators and restricting
Arg80 to a role in the control of arginine metabolism. To
determine which amino acids define the specificity of Arg80,
we progressively replaced the amino acids of Arg80 with the
corresponding residues of Mcm1. We also performed the con-
verse experiment and, in the context of an Arg80-Mcm1 fusion
protein, systematically changed residues in the Mcm1 MADS
box domain to those in Arg80. We found that multiple regions
of the domain are important for functional specificity and that
many of the important substitutions cluster in a cleft on one
side of the protein that could serve as the interface for inter-
actions between Arg80 and its cofactors. This region is distinct
from the regions of SRF and Mcml where these proteins
interact with their cofactors and therefore represents a novel
interface that may be used by other MADS box proteins to
interact with their cofactors. These experiments also show that
only a small subset of residues are involved in determining the
specificity of the protein interactions and functions of these
MADS box proteins.

MATERIALS AND METHODS

Strains and medium. S. cerevisiae strain 02463d (MATa leu2 ura3) was used
for deletion of the RLMI and SMPI genes by use of the long flanking
homology-PCR strategy (39). The different coding sequences were replaced
by the kanMX4 gene cassette, which confers resistance to geneticin, yielding
strains 02463dARLMI1 and 02463dASMP1. The correct targeting of the deletions
in G418" transformants was verified by PCR with whole cells as a source of DNA
and appropriate primers. To construct strain 02463dARLM1,ASMP1, we used
the loxP-kanMX4-loxP disruption cassette (16). To eliminate the kanMX4 marker
from the disrupted gene, the mutated strain was transformed with the cre ex-
pression plasmid pSH47, which carries the URA3 marker gene and the cre gene
under the control of the inducible GALI promoter. Expression of the Cre
recombinase was induced by shifting cells from yeast extract-peptone-dextrose
(YPD) to yeast-extract-galactose medium for 2 h. The loss of the kanMX4
cassette was detected by plating cells on YPD and replica plating the colonies
onto YPD-G418. The cre expression plasmid was removed from the strain by
streaking cells on plates containing 5-fluoroorotic acid to counter select for the
loss of the plasmid. Strains 02463dAARGS80 and BY4709AARGS80 (14) were
used as recipient strains for transformation with different plasmids. Strains
1¢2163aAMCM1+pMCM1, 1c2187dAMCM1+pmem1G86D, and 1c2163a
AMCM1+pumcl were obtained by the following procedure: the diploid strain
02463d/02839d (leu2 ura3/leu2 ura3) was transformed with the kanMX4 cassette,
allowing the deletion of the MCM1I gene by selection of transformants on YPD-
G418. One transformant containing a deletion of one copy of the MCM1I gene
was transformed with plasmids pED40 (pUC19 with 2um LEU2 MCM1) (12),
pAI88 (pUC19 with 2um LEU2 mcm1G86D), or pAJ125 (pYX with 2um LEU2
TPI-umcl) and plated on sporulation medium. After dissection, spores that
contained mcml::kanMX4 and the complementing plasmid were selected on
YPD-G418. All yeast strains were grown on minimal medium containing vita-
mins, mineral traces, and 3% glucose or 1% galactose (23). The nitrogen source
was either 0.02 M ammonium sulfate (M.ammonia) or 1-mg/ml ornithine (M.or-
nithine). Plasmid pAJ125, containing gene umcl, was obtained by PCR synthesis
of a 1,350-bp DNA fragment with plasmid pYUMC1-454 (a gift from R. Kah-
mann [20]) as a template and appropriate oligonucleotides flanked by BamHI
and HindIII sites as primers. This fragment was inserted in vector pYX242 (pYX
LEU2 2pum TPI promoter; R & D Systems).

Creation of mutations in ARG80. Appropriate oligonucleotides were used to
create the replacement of Arg80 amino acids with those of Mcml in each
secondary-structure region of the MADS box domain (N-terminal coil, al, BI,
BIL, aII). The specific mutations were created by in vitro mutagenesis on double-
stranded DNA from plasmid pFL38-RI (pUC19 with ARS4 CEN6 URA3
ARGS80) (32) by using the QuikChange site-directed mutagenesis kit from Strat-

MoL. CELL. BIOL.

agene (see Fig. 3 for a list of all of the resulting mutated plasmids). To combine
mutations created in different regions of the MADS box domain, plasmids
pAJ26, pAJ27, pAJ30, pAJ31, pAJSS, pAJ104, and pHL3 were used as templates
to introduce mutations into other regions of the protein. All of the arg80 mutants
were verified by DNA sequence analysis.

Creation of mutations in ARG80-MCM1-ARG80. To construct a hybrid Arg80-
Mcm1-Arg80 protein, the region encoding the first 77 amino acids of Arg80 was
fused in frame to the regions encoding amino acids 18 to 98 of Mcm1 and the 15
C-terminal amino acids of Arg80. We first created by in vitro mutagenesis two
HindIlI sites in ARGS80 by using plasmid pKS-RI and appropriate oligonucleo-
tides, which led to the changes V78L, T79K, T161K, and P162L, yielding plasmid
pHLI10. These modifications did not affect Arg80 function. After this plasmid was
digested with HindIIl, a 249-bp fragment containing the MADS box domain of
Arg80 was replaced by a DNA fragment containing the MADS box domain of
Mcm1 synthesized by PCR with flanking HindIII restriction sites. This plasmid
contains the hybrid ARG80-MCM1-ARG80 gene and was named pHL12. pHL12
was digested with EcoRI and Sall, and the 1.6-kb fragment containing the
ARG80-MCMI1-ARGS0 fusion was inserted in pFL38 vector (pUC19 URA3 ARS4
CENG0), yielding plasmid pHL13.

Appropriate oligonucleotides were used to create the replacement of Mcml
amino acids with those of Arg80 by in vitro mutagenesis on double-stranded
DNA from plasmid pHL13 by using the QuikChange site-directed mutagenesis
kit from Stratagene (see Fig. 4 for a list of all of the resulting mutated plasmids).
To combine mutations created in different regions of the MADS box domain,
plasmids pAJ10, pAJ11, pAJ13, pAJ15, pAJ16, and pAJ45 were used as tem-
plates to introduce mutations into other regions of the protein. All of the
mutants were verified by DNA sequence analysis.

Two-hybrid assays. Two-hybrid assays to examine the interactions between
wild-type and mutant Arg80 and Arg80 cofactors were performed with plasmids
pME46 (GBD-Arg80), pME21 (GAD-Arg80), pNA51 (GBD-Mcml), pME19
(GAD-Mcm1), pNA33 (GBD-Arg81), and pME9 (GAD-Arg81), as described
previously (14). To construct the mutated GBD-arg80 and GAD-arg80 fusions,
we amplified by PCR the mutated arg80 DNA fragments by using as templates
the arg80 genes present on plasmids pAJ234, pAJ239, and pAJ240 and primer
oligonucleotides containing a BamHI restriction site. The DNA fragments were
cloned into the BamHI site of pAS2(GBD) or pACTII (GAD) (13) to yield
plasmids pAJ257, pAJ256, and pAJ255 containing the mutated GBD-arg80 fu-
sions and plasmids pAJ260, pAJ259, and pAJ258 containing the mutated GAD-
arg80 fusions. The GBD fusions were assayed for activation in complex with a
nonspecific GAD fusion as well as with Mcm1 and Arg81 fusions to GAD.
GAD-Arg80 fusions were assayed in combination with GBD-Arg81 and GBD-
Mcm1 fusions.

DNA-binding assays. The overexpression of Arg80 and Mcml proteins in S.
cerevisiae is required in order to assay DNA-binding activity to the P site by these
proteins from crude extracts. For Mcml1, plasmid pED40 (12) was used as a
template for site-directed mutagenesis to yield plasmids pAJ210 (mcml1-121Q)
and pAJ211 (mcmI-K40R). For Arg80, plasmid pMES1, which contains the
ARGS80 gene expressed under the GALI0 promoter (14), was used as a template
for site-directed mutagenesis to construct plasmids pAJ219 (arg80-R102K-
Y110F) and pAJ221 (arg80-Q83I-PS4E-R86K-Y87F). These plasmids were used
to obtain the combination of mutations yielding plasmid pAJ220 (arg80-Q83I-
P84E-R86K-Y87F-R102K-Y110F). Strain BY4709ARI (arg80::kanMX4) was
transformed with each of these plasmids, and crude extracts were prepared from
cells grown on galactose medium as described previously (14).

The DNA-binding activities of the wild-type and mutant Arg80 proteins in
complex with Mcm1 and Arg81 were assayed for binding activity to the arginine
box region in the ARGS,6 promoter (11). Semipurified crude extracts of strain
02463dAARGS0 (ura3 leu2 arg80::kanMX4) were cotransformed with pYEP34
(2um LEU2 GAL10-ARGS8I) and with wild-type ARG80 (pFL38-RI), an arg80
mutant (pAJ234, pAJ240, or pAJ239), or the ARG80-MCMI1-ARGS0 fusion
(pHL13, pAJ46, pAJ84, pAJ8S) plasmids.

Extract preparation and binding assays were performed as described previ-
ously (11). The DNA fragments used in these assays were the 160-bp HindIII-
BamHI fragment from CY1320 containing the P site (5) and the 160-bp Alul-
Alul fragment from plasmid pED20 containing the control region of the ARGS,6
gene. These fragments were end-labeled with [y->*P]ATP by use of polynucle-
otide kinase according to the procedure described by Sambrook et al. (35).

Western blot analysis. For detection of Arg80 and Mcm1, 25 ml of exponen-
tially growing cells was harvested by centrifugation and the proteins were ex-
tracted according to the trichloroacetic acid method (Clontech). About 200 pg of
total proteins was electrophoresed in a 10% polyacrylamide gel containing so-
dium dodecyl sulfate. After electrotransfer of proteins to Hybond membranes
(Amersham), specific proteins were detected with polyclonal antibodies against
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Enzyme activity
Strains Genotypes Arginase OTCase
Am Am
Am +Arg Am Arg
02463d Wild type 29 93 14 3
02463d-A ARGS0 arg80::KanMX4 7 6 44 43
02463d-A RLMI riml::KanMX4 28 95 14 4
02463d-A SMP1 smpl::KanMX4 30 90 16 5
02463d-A RLM |, ASMPI smpl::KanMX4. 31 95 15 1
riml::lox
lc2163a-A MCM| meml ::KanMX4 7 8 50 51
+ pmem 1 GE6D + mem] GS86D

FIG. 1. The RIm1 and Smpl MADS box proteins do not regulate
arginine metabolism. (A) Amino acid alignment of the four MADS
box proteins of S. cerevisiae. The numbers indicate the positions of the
first and last residues of the MADS box domains in the context of the
full-length proteins. Amino acids that are identical among three of the
four proteins are boxed. Residues that are identical between Arg80
and Mcml1 are shaded in light gray, and residues that are identical
between Rlm1 and Smpl are shaded in dark gray. (B) Effects of
deletions of MADS box genes on the expression of arginine-coregu-
lated genes. The enzyme-specific activities were measured at 30°C after
growth of the different strains on M.ammonia with or without 1 mg of
arginine per ml plus 25 pg of uracil per ml and 50 wg of leucine per ml.
OTCase- and arginase-specific activities were expressed in terms of
micromoles of citrulline or of urea formed per hour per milligram of
protein, respectively. The values are the means of at least three inde-
pendent assays, and the standard error was 10 to 15%.

GST-Arg80 and GST-Mcml that were obtained by injection of these purified
proteins in mice (the antibodies were a gift from Paul Jacobs). After incubation
with anti-mouse immunoglobulin G-specific antibody conjugate to horseradish
peroxidase, peroxidase activity was revealed with an enhanced chemilumines-
cence kit according to the instructions of the manufacturer (Roche).

RESULTS

Smpl and Rlm1 are not involved in the control of arginine
metabolism. Although we have defined the minimum protein
complex required to interact with the arginine boxes in an
arginine-dependent manner in vitro, we could not exclude the
possibility that additional proteins were involved in this control
in vivo. Given the high degree of sequence similarity among
the MADS box proteins of S. cerevisiae (Fig. 1A), we were
interested in whether Smp1l and RIm1 also have a role in the
regulation of arginine metabolism. We thus deleted each gene
by insertion of the kanMX4 cassette in place of the SMPI or
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RLM1 coding sequence (see Materials and Methods). Impair-
ment of the control of arginine-coregulated genes leads to a
loss of repression of arginine-anabolic genes and to a loss of
induction of arginine-catabolic genes. However, the levels of
ornithine carbamoyltransferase (OTCase), an anabolic en-
zyme, and of arginase, a catabolic enzyme, in the Asmpl and
Arlm1 strains were comparable to the levels in the wild-type
strain after growth with and without arginine (Fig. 1B). More-
over, the simultaneous deletion of both genes did not impair
the regulation by arginine. In contrast, in an arg80 deletion
strain, as well as in an mcml mutant strain, repression and
induction of the reporter genes were severely impaired. These
results indicate that the Smpl and Rlm1 MADS box proteins
are not required for the control of arginine-anabolic and -cat-
abolic genes.

Overexpression of MCM1 and umcl does not complement
an arg80 mutant, whereas overexpression of umcl comple-
ments an mcml mutant. Arg80 and Mcml from S. cerevisiae
and Umcl from U. maydis are very closely related among the
MADS box proteins. The homolog closest to Arg80 is Mcml1,
whereas the homolog closest to Mcm1 is Umcl (Fig. 2A).
When overexpressed, Umcl is able to complement the lethality
of an mcml mutant (20). We have found that Umcl also
replaces Mcml1 in its arginine-regulatory function, since the
mecml deletion strain overexpressing umcl was able to grow on
M.ornithine (Fig. 2B). Overexpression of umcl restored the
repression of OTCase and partially restored the induction of
arginase (Fig. 2C). This result prompted us to test whether
Umcl could fulfill Arg80 function. A deletion of the ARGS80
gene led to an absence of growth on ornithine as the sole
nitrogen source. Overexpression of MCMI or umcl did not
restore either the arg80 growth defect on ornithine or the
regulation of anabolic and catabolic enzymes, thus showing the
high specificity of Arg80 for the regulation of these target
genes (Fig. 2D and E).

Identification of amino acids defining Arg80 specificity.
Given the strong sequence conservation among the MADS box
proteins and the close similarity of the crystal structures of the
SRF, MEF2A, and Mcm1 MADS box domains, it is likely that
the Arg80 MADS box domain is also folded into a similar
structure. Mutations in ARGS80 that led to loss of Arg80 func-
tion have previously been isolated, and it was found that a
number of mutants resulted from amino acid changes in resi-
dues that are highly conserved among the MADS box proteins
(14, 32). Some of these residues are located in the ol helix, and
the loss of Arg80 function is caused by the loss of interaction
with one of its cofactors, Arg82 (14). Many of the residues in
this helix are highly conserved among MADS box proteins and
are likely to be important for maintaining the DNA-binding
activity or global structure of the domain (1). However, since
the Mcm1 and Arg80 MADS box domains cannot be substi-
tuted for each other, it is likely that the differential specificities
of these proteins depend on the residues that are different
between the two proteins. To test this model, we replaced
residues in different regions of the Arg80 MADS box domain
with the corresponding amino acids in Mcm1 and examined
whether these replacements affected Arg80 function (Fig. 3).
Strain 02463dAARGS0 (arg80::kanMX4) was transformed with
plasmid pFL38 (vector), plasmid pArg80 (4ARG80), and plas-
mids bearing mutations in the different secondary-structure
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A
ArgB0 B0 RRKQP/IRY ITENKTRRHVTFSKRRHG
Mcm1 1BRRK IEIKFIENKTRRHVTFSKRKHG
umcl 1000RRK IKIIEFIEDDARRHITFSKRKAG
IMKKAYELSVLTGAN IILLL I LANSGLVYT
IMKKAFELSVLTGTQVLLLVVSETGLVYT
IMKKAYELATLTGTQVLLLVVSQTGLVYT
FTTPKLEPVVREDEGKSLIRAC INASD 160
FSTPKFEPIVTQQEGRNL IQACLNAPD 98
FTTPKLQALVTQAEGRNLIQACLNAPD 180
B
pMCM1 pumct
pmem1G86D
Ornithine
C
Enzyme activity
Strains Arginasc OTCase
Am Am
Am +Amp Am +Arg
1c2163a-A MCMI + pMCM1 13 52 16 5
Ic2163a-A MCMI + pmem!1G86D 7 8 50 sl
1c2163a-A MCML + pumel 4 23 18 7
D
pARG80 vector pARGS80
pMCM1 pumecl pMCM1 pumc1
Ammonia Ornithine
E
Enzyme activity
Plasmids Arginase OTCase
Am Am
Am +Arg Am +Arg
pFL46L ( pLEU2-2p) 6 4 42 36
pAJ145 ( pARG80-LEU2-ARS-CEN) 8 57 2 10
PED40 ( pMCMI-LEU2-2y1) 4 4 41 38
PAJ125 ( pTPl-umcl-LEU2-2j4) 3 2 43 32

FIG. 2. The U. maydis Umcl MADS box protein does not comple-
ment arg80 but does complement mcml for arginine-dependent regu-
lation. (A) Amino acid alignment of Arg80 and Mcm1 from S. cerevi-
siae and Umcl from U. maydis. The numbers indicate the positions of

MoL. CELL. BIOL.

regions of the Arg80 MADS box domain. Arg80 function was
assayed by determining growth on ornithine as the sole nitro-
gen source and by measuring the levels of OTCase and argi-
nase after growth in the presence or absence of arginine. In-
terestingly, even though multiple residues were mutated within
each of the different secondary-structure regions, none of these
amino acid permutations affected Arg80 activity (Fig. 3, lines 3
to 9). This result suggests that the multiple regions of the
MADS box domain are involved in conferring specificity and
that mutations in any single region of the domain are not
sufficient to significantly interfere with its function. To test this
model, we combined mutations from different regions of the
domain in various combinations (Fig. 3, lines 10 to 29). Sub-
stitutions in the N-terminal arm in combination with substitu-
tions in the C-terminal region of the domain had no effect on
Arg80 function (Fig. 3, lines 14 to 16). In contrast, mutations in
al or BI in combination with mutations in any other region
significantly affected Arg80 function (Fig. 3, lines 10, 17, 18,
and 20 and lines 13 and 22, respectively). The swapping of
residues in al in combination with mutations in BII abolished
the induction of arginase and repression of OTCase reporters
(Fig. 3, line 17). However, there was still a small amount of
residual activity in this mutant because it was still able to grow
on ornithine. Substitutions in three of the five secondary-struc-
ture elements completely eliminated regulation of arginine
metabolism (Fig. 3, lines 27 to 29). This result indicates that
multiple regions of the protein are required for regulation of
arginine-specific genes.

Some of the mutations described above involve substitutions
of amino acids at positions that correspond to residues that
contact the DNA in the crystal structures of SRF, MEF2, and
Mcml1 (26, 31, 36, 38). These mutations may therefore affect
the ability of Arg80 to bind DNA as opposed to its ability to
interact with its cofactors. To discriminate between these pos-
sibilities, we separated the amino acid substitutions of residues
predicted to contact the DNA from those that are not likely to
directly contact the DNA. For example, the combined substi-
tutions in the N-terminal arm and the ol helix caused a large
decrease in Arg80-dependent repression and induction (Fig. 3,
line 10). Arg80 residues Q83 and P84 correspond to residues
121 and E22 in Mcml1. The side chain of 121 contacts the DNA
in the SRF, Mcm1, and MEF2 crystal structures, and muta-
tions at this position in Mcm1 decrease the binding affinity of
the protein (1, 26, 31, 36, 38). Residue K40 in the ol helix of
Mcm1, which corresponds to R102 in Arg80, also plays a key
role in the DNA-binding affinity of and DNA bending by
Mcml (1). In contrast, the residues in Mcm1 corresponding to

the first and last residues of the MADS box domains in the context of
the full-length proteins. Shading indicates amino acids that are iden-
tical among the three proteins. (B) Growth test of 1c2163aAMCM1
strains transformed with plasmid pED40 (MCM1), pAJ125 (umcl), or
pAIJ88 (mcm1G86D). The transformed strains were grown on M.orni-
thine as the nitrogen source plus 25-pg/ml uracil. (C) Enzyme-specific
activities of the strains in panel B. Activities were measured as de-
scribed in the legend to Fig. 1B. (D) Growth tests, as described in the
legend to panel B, of strain 02463dAARGS0 transformed with pFL46L
(vector), pAJ145 (ARG80), pED40 (MCM1), or pAJ125 (umcl). (E)
Enzyme-specific activities of the strains in panel D were measured as
described in the legend to Fig. 1B.
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Plasmids Mutations Growth on Induction Repression
Ornithine
N-t:on'lrltinal al Bl Bl oll
— O ey —wp—————( -

tp- 2385 228 EZ8SRE 8 Y3IY% 98 B £ 8 - - "

2pArg80  =QP:RY: nn-namsnnne:m!:uwm Imims“wrrTruizn‘—r RED:KSu:RicIunSe 444 +++ +4++

3 pAJ26 IE .F . . e PO PRSP et +++ ++4 +44

4 pAJ74 IE KF . . Cewiieaeae R R e e +4++ +++ +++

5 pAJ76 . s K F . aiie e e A A e W +4+4+ ++ +++

6 pAJ31 e v e DOV VVBET. e +++ g 4+

7 pHL3 . . ceaiine e B.F . ccenicannions +4+ +++ +++

8 pAJ27 cenee . . R e ITOQ . +++ +++ +++

9 pAJ30 ca.ne . . coeiineans - . .TQQO RN Q L P +++ +++ +4+
10 pAJ75 IE .F K F e T S S S A ++ + +
" 11 pAJ233 IE .. K . e o S R A R M e 4+ g A
12 pAJ234 .F Wosiosiese i ++ 4 "
13 pAJES IE .F TQV VVSET S AR W W ++ + +
14 pAJi7 3 10 O S R o B P i e e 4t i+
15 pAJ18 B B e e Y RERURRN, . , 1 + [T +++ ol oo
16 pAJ32 IE.F e ... .TOO RNQLP +++ +++ +++
17 pAJ104 R K F TQV VVSET e R e e ++ = _
18 pAJ105 ceien K Foeames v S F ++ + -
19 pAJ231 | R S oo B e B B n S B AP R 44 ++ ++
20 pAJ240 Boisveiiievisas S ++ + N
21 pAJ253 F .ET AR A b Bogy 8 +++ +4 ++
22 pAJ254 F TQ. - - -
23 pAJss cein K | I P SURRES il ., ¢, + LRVRPUERE +++ ++ +
24 pAJ106 K 2 . . .TOORNQLP ++ + +
25 pAJ29 i.aan . . TQV VVSET IURERIRG GL o ¢+ IAPTECTERe +4++ +4+ ++4
26 pAJ58 ; . TQV VVSET . . .TQQ RN QL P ++ + +
27 pAJ121 vecnm K F TQV VVSET B.. W o vivioaieiayeics - - -
28 pAJ239 . F_TQV VVSET S . . cvuc v o - . - = .
29 pAJ78 1E KF : . TQV VVSET . . -TQQ RN QL P - - -
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FIG. 3. Loss of Arg80 function resulting from the swapping of residues in the MADS box domain of Arg80 with the corresponding residues
in Mcml. Strain 02463dAARGS80 was transformed with the listed plasmids, and Arg80 function was determined by a growth test on M.ornithine
as the sole nitrogen source and by assays of OTCase and arginase activities after growth on M.ammonia with or without arginine (1 mg/ml). For
growth on ornithine, +++ indicates growth at levels similar to that of a wild-type strain, + + indicates a slight growth reduction, and —— indicates
residual growth of an arg80 deletion strain. For repression of OTCase and induction of arginase, +++ indicates the same repression level
(fourfold) and induction level (10-fold) as those obtained with a wild-type Arg80 protein, ++ indicates a twofold repression level and a four- to
fivefold induction level, + indicates a 1.5-fold repression level and two- to threefold induction level, and — indicates an absence of induction or
repression. The predicted secondary structure of the MADS box domain of Arg80 and its amino acid sequence are indicated. The smaller letters
indicate the amino acids of Arg80 and Mcm1 that are identical, and the larger letters indicate the nonconserved residues. In each line, the residues
indicate the amino acids of Mcm1 that were used to replace the corresponding amino acids in Arg80.



5746 JAMAI ET AL.

positions Y87 and Y110 in Arg80 are relatively far from the
DNA and are unlikely to directly contact the DNA. However,
a large portion of the aromatic ring of these side chains is
solvent exposed, suggesting that these side chains may be in-
volved in the interactions of Arg80 with its cofactors. To de-
termine whether the decrease in Arg80-dependent regulation
of the pAJ75 mutant was due to defects in DNA binding or
protein interactions, we created the following changes: Q83I-
P84E-R102K (pAJ233) and Y87F-Y110F (pAJ234). The sub-
stitution of residues that are likely involved in binding DNA
did not cause a defect in Arg80-dependent regulation (Fig. 3,
line 11). In contrast, substitution of residues Y87 and Y110
caused a significant drop in Arg80-mediated induction and
repression (Fig. 3, line 12). Since the tyrosine-to-phenylalanine
changes are relatively conserved, these results support the no-
tions that these side chains interact with Arg80 cofactors and
that the hydroxyl group of the tyrosine is important for these
interactions.

In combination with the swap in «l, substitution of residues
in the BII region of the Arg80 MADS box domain caused a
significant drop in Arg80 function (Fig. 3, line 18). In the
Mcm1 crystal structure, the residue corresponding to L139 of
Arg80 is a phenylalanine that is completely buried at the dimer
interface of the protein. The side chain of the residue corre-
sponding to T135 of Arg80 is also buried, but the amide nitro-
gen and carbonyl oxygen of the backbone, along with the hy-
droxyl group of the side chain, are solvent exposed in a cleft
above the residue corresponding to Y110. It is possible that the
peptide backbone atoms of residue T135 are involved in inter-
action with Arg80 cofactors. To test this model, we constructed
the Y110F T135S double mutant (Fig. 3, line 20). Compared
with the single Y110F mutation, the double mutation signifi-
cantly impaired the repression of OTCase and the induction of
arginase. The double substitution may cause the peptide back-
bone to change position, affecting the ability of Arg80 to in-
teract with its cofactors. Finally, combining the Y110F substi-
tution with the AI118T and N119Q substitutions on the N
terminus of the BI strand (Fig. 3, lines 22, 27, and 28) caused
a complete loss of Arg80-dependent regulation. Taken to-
gether, these mutations define a partially contiguous face on
the side of the MADS box domain that is required for Arg80
function. It is likely that these residues form a surface for
interactions between Arg80 and its cofactors.

If the crystal structure of Mcm1 is used as a rough model of
the structure of Arg80, then residues Y87 and Y110 lie on the
side of the protein, away from the DNA. Residue V114 is
conserved in both Mcm1 and Arg80, and in Mcml, this side
chain is solvent exposed between residues Y87 and Y110. If
residues Y87 and Y110 are contacted by Arg80 cofactors, then
it is likely that V114 is also in contact with this protein. To test
this model, substitutions were made at this position and the
protein was assayed for arginine-dependent regulation. The
conservative substitution to alanine caused a partial loss of
function of the protein, while more radical substitutions to
aspartic or glutamic acid completely eliminated the function of
the protein (Fig. 3, lines 30 to 32). It is possible that these
radical changes alter the structure of the region, thereby indi-
rectly affecting the ability of Arg80 to interact with its cofac-
tors. However, the observation that the relatively conservative
alanine substitution also has an effect on Arg80 function sup-
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ports the notion that this solvent-exposed region may be in-
volved in interactions with other proteins.

Swapping the specificities of Mcm1 and Arg80. The exper-
iments described above indicated which of the nonconserved
residues in the Arg80 MADS box domain are required for its
function. To test whether these amino acids are sufficient to
confer Arg80 function, we replaced the nonconserved resi-
dues in Mcm1 with the corresponding amino acids of Arg80.
This analysis was performed in a hybrid protein (Arg80,_,o-
Mcml, g o5-Arg80,6,.177) in which the MADS box domain of
Arg80 was swapped with the corresponding region of Mcml.
This protein complements an mcml! mutant for cell viability
and Mcm1-dependent regulation of arginine metabolism (data
not shown). However, this fusion does not complement an
arg80 mutant for regulation of arginine metabolism, indicating
that this chimera lacks the specific sequence requirements in
the MADS box domain for Arg80 function. To determine
which residues of the MADS box domain are sufficient to
confer Arg80 function, we made a set of mutations that was
converse to those shown in Fig. 3. For comparison with the
mutations we made in Arg80, the same numbering system was
used for residues in the Mcml MADS box domain of the
fusion protein. Individual substitution of residues in any single
region of the domain did not restore Arg80 function to the
fusion protein (Fig. 4, lines 2 to 6). However, the combination
of mutations in the ol and BI regions, as well as simultaneous
replacement in three structural motifs, such as the N-terminal
coil, BI, and «lIl or the N-terminal coil, al, and «ll, allowed
growth of an arg80 strain on M.ornithine (Fig. 4, lines 12, 20,
and 24). This result further supports the notion that multiple
regions of the MADS box domain are important for conferring
Arg80 specificity.

The differences between swapping the BI region in the pres-
ence and in the absence of the K102R-F110Y mutations were
very striking (Fig. 4, compare lines 3 and 4 with line 12). To
determine whether the K102R or F110Y substitution was re-
sponsible for the conferment of Arg80 function, we con-
structed plasmids in which each substitution was made sepa-
rately in combination with the swap of the BI region. The
F110Y substitution was sufficient to swap the specificity in the
pAJ11 background (Fig. 4, compare line 14 with line 4). In
contrast, the K102R-BI swap construct showed no activation
(Fig. 4, line 13). This result further supports the notion that the
hydroxyl group of the Y110 side chain, along with residues in
the BI region of the protein, are important for Arg80-specific
function.

The amino acid swaps in the context of Arg80 showed that
residues Y110, A118, and N119 together have an important
role in Arg80 function (Fig. 3, line 22). To determine whether
these residues are sufficient for Arg80 specificity, we con-
structed the converse swap in the context of the Arg80-Mcm1-
Arg80 fusion. This mutant had wild-type levels of growth on
ornithine and significant induction and repression of the argi-
nine-dependent reporters (Fig. 4, line 15). These results indi-
cate that these residues play a major role in conferring speci-
ficity to Arg80.

Although residues Y110, A118, and N119 have very impor-
tant roles in determining Arg80 specificity, our data show that
other regions of the protein also contribute to the function of
the protein. For example, the swap of the all region in com-
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FIG. 4. Conferment of Arg80 function by the swapping of amino acids in the Mcm1 MADS box domain of the hybrid Arg80-Mcm1-Arg80
protein. The amino acids that were swapped in each construct are shown. The numbers of the residues in the MADS box domain indicate the
positions of the homologous residues in the Arg80 protein. The levels of Arg80 function for each mutant were assayed and presented as described

in the legend to Fig. 3.

bination with that of the N-terminal coil (pAJ45 and pAJ39) or
the swap of the ol region in combination with that of «ll
(pAJ79) partially restored Arg80 function to the fusion protein
(Fig. 4, lines 10 and 21 and line 17, respectively). The role of
the oI region in conferring specificity is especially apparent
when comparing pAJ81 with pAJ85 (Fig. 4, lines 7 and 24). In
other MADS box proteins, the residues in the oIl helix form a
partially solvent-exposed layer on the top of the MADS box
domain (26, 31, 36, 38). In Mcml, residues corresponding to
positions K149, R153, and 1156 of Arg80 form a hydrophobic
pocket that serves as a protein contact region for a phenylal-
anine residue in the MATa?2 protein, a cofactor of Mcml1 (38).
To test whether this region of Arg80 is involved in similar
contacts, we constructed an R149K substitution in the context
of pAJ81 (Fig. 4, compare lines 7 and 25). This mutation

partially restores Arg80 function to the chimera protein, indi-
cating that this region of the protein may also be involved in
contacts with Arg80 cofactors.

Loss of function of Arg80 results from loss of interaction
with Mcml. The results from the substitutions in both the
Arg80 and Mcml MADS box domains suggest that Arg80
residues Y87, Y110, A118, N119, and T135 play important
roles in the function of the protein. Using the Mcml1 crystal
structure as a model, we found that these residues are solvent
exposed but are located away from the DNA, suggesting that
they are more likely to be involved in protein interactions than
direct DNA binding. To test this model, two-hybrid assays were
used to examine the interaction between the arg80 mutants and
Arg81 or Mcml. The Y87F, Y110F, BI swap, and T135S mu-
tations caused a modest decrease in the interaction with Arg81
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TABLE 1. Ability of mutated GBD-arg80 proteins to
interact with Arg81 and Mcm1¢

B-Galactosidase sp act (nmol of
o-nitrophenyl-B-p-galactopyranoside
hydrolyzed/min/mg of protein)

Hybrid
GAD GAD-Arg81 GAD-Mcml
(pPACTII)  (pME9) (pME19)
GBD-Arg80 (pME46) <1 89 4
GBD-arg80yg7r.y110r (PAI257) <1 129 2
GBD-arg80y, OF-BI swap-T135S <1 31 <1
(pAJ256)
GBD-arg80v1or-T1355 (PAJ255) <1 61 <1

“ Transcription activation of the lacZ gene was estimated by determination of
B-galactosidase activity in S. cerevisiae strain HY cotransformed with plasmids
expressing GAD (pACTII), GAD-Arg81 (pMEY), or GAD-Mcm1 (pME19) and
the different wild-type or mutated GBD-arg80 fusions. Values shown are the
means of three independent measurements with variations of less than 15%.

TABLE 2. Ability of mutated GAD-arg80 proteins to
interact with Arg81 and Mcm1“

B-Galactosidase sp act
(nmol of o-nitrophenyl-B-p-
galactopyranoside hydrolyzed/

Hybrid min/mg of protein)
GBD-Arg81 GBD-Mcm1
(pNA33) (pNAS51)
GAD (pACTII) 25 4
GAD-Arg80 (pME21) 220 15
GAD-arg80yg7rv110r (PAJ260) 116 9
GAD-arg80y 10p-p1 swap-r135s (PAI259) 130 3
GAD-arg80yor.1135s (PAJ258) 127 3

¢ Transcription activation of the lacZ gene was estimated by determination of
B-galactosidase activity in S. cerevisiae strain HY cotransformed with plasmids
expressing GBD-Arg81 (pNA33) or GBD-Mcml1 (pNAS51) and the different
wild-type or mutated GAD-arg80 fusions. Values shown are the means of three
independent measurements with variations of less than 15%.

but caused a more significant decrease in the interaction with
Mcml1 (Tables 1 and 2). The assay produced similar results
when the arg80 mutants were fused to either the Gal4 DNA-
binding or activation domains. These results support the no-
tion that these residues of Arg80 are involved in the interac-
tions of Arg80 with its cofactors rather than in DNA binding.

Mutations in Arg80 increase its DNA-binding affinity to P
sites. The Arg80, Mcm1, and Arg81 proteins bind as a complex
to sites called arginine boxes that are found upstream of argi-
nine-regulated genes (4, 11). However, as with many MADS
box proteins, Mcm1 and Arg80 are able to bind on their own
to palindromic consensus sequences, called P sites, although
the binding affinity of Arg80 is very weak. Since Arg80 and
Mcml1 share such strong sequence similarity, it is likely that
Arg80 uses many of the same residues in the MADS box
domain to contact DNA (Fig. 5A). However, there are several
positions that likely contact the DNA but that are different
between the two proteins. We were therefore interested in
examining whether some of the amino acid substitutions that
we made in Arg80 and Mcm1 affect the ability of the proteins
to bind DNA. Using plasmid pMES51, which expresses ARGS0
under the control of the GALI0 promoter, we created the
Q83I, P84E, R86K, and Y87F mutations in the N-terminal coil
extension of Arg80 protein (plasmid pAJ221), the R102K and
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FIG. 5. Invitro binding of wild-type and mutated Arg80 and Mcm1
proteins to the P sequence. (A) Sequence alignment of the N-terminal
regions of the Arg80 and Mcm1 MADS box domains. The open circles
indicate the positions in the Mcml1 protein that contact the DNA in the
crystal structure of the protein (38). (B) Electrophoretic mobility shift
assay of yeast crude extracts binding to a 160-bp HindIII-BamHI DNA
fragment containing the P site. Lane 1, no extract. Lanes 2 to 6 show
shifts by crude extracts (50 wg) from S. cerevisiae strain BY4709 (arg80::
kanMX) transformed with pYEF2 (vector) (lane 2), pMES51 (GAL10-
ARGS0) (lane 3), pAJ221 (GALI10-arg80-Q831-PS84E-R86K-Y87F)
(lane 4), pAJ219 (GALI10-arg80-R102K-Y110F) (lane 5), or pAJ220
(GAL10-arg80-Q831-P84E-R86K-Y87F-R102K-Y110F) (lane 6). Lanes 7
to 9 show extracts from strain 1c2163aAMCMI1 transformed with
pED40 (pMCM1) (lane 7), pAJ210 (mcmlI-Y21Q) (lane 8), or pAJ211
(mcmI-K40R) (lane 9). The presence of the Arg80 and Mcml1 proteins
in the extracts was visualized by Western blotting using antibodies
raised against GST-Arg80 and GST-Mcml, respectively.

Y110F mutations in the ol helix (plasmid pAJ219), and the
simultaneous replacement of these six residues (plasmid
pAJ220). The binding efficiency of the wild-type and the mu-
tated Arg80 proteins was determined by gel shift experiments
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with crude extracts from the different transformants and a P
site DNA as a probe. Even in the absence of Arg80, we ob-
served a weak binding to the site, presumably produced by the
genomic copy of Mcm1 (Fig. 5B, lane 2). In crude yeast extract,
there was little or no detectable binding of Arg80 to the DNA,
since there was no additional shift when Arg80 was overpro-
duced (Fig. 5B, lane 3). In contrast, the replacement of resi-
dues either in the N-terminal coil extension or in the al helix
of Arg80 with those in Mcm1 enhanced DNA binding by the
protein (Fig. 5C, lanes 4 and 5). Replacing residues in both the
N-terminal arm and «l helix of Arg80 with those of Mcml
strongly increased the binding affinity to almost the level seen
in wild-type Mcml1. Although this arg80 mutant protein has a
binding affinity similar to that of Mcml, it was unable to com-
plement the lethal phenotype of an mcml deletion strain,
indicating that features other than DNA binding are required
for Arg80 to fulfill Mcm1 function (data not shown).

It is likely that the Q831 and R102K changes in Arg80 enable
the protein to make more-optimal contacts with the DNA. To
test this possibility, we constructed the converse mutations in
Mcml. Replacing residue 121 in Mcm1 with the corresponding
glutamine amino acid found in Arg80 caused roughly a fivefold
decrease in the DNA-binding affinity of the protein (Fig. 5B,
lane 8). The K40R substitution completely eliminated the
DNA-binding affinity of the protein (Fig. 5B, lane 9). These
results serve to explain why Arg80 on its own binds very poorly
to DNA.

Mutations in Arg80-Mcm1-Arg80 increase its DNA-binding
affinity to arginine boxes. The Arg80 protein requires both the
Mcml and Arg81 proteins to bind with high affinity to arginine
boxes found in promoters of genes involved in arginine metab-
olism. We therefore tested the ability of a subset of the Arg80
swap mutants and Arg80-Mcm1-Arg80 chimeras to bind in
complex with these cofactors. Semipurified proteins produced
from strain 02463dAARGS0 transformed simultaneously with
plasmid YEP34 (pGAL10-ARGS81 LEU2) and with the differ-
ent plasmids bearing mutated arg80 genes (pAJ234, pAJ239,
and pAJ240) were electrophoresed with a **P-labeled ARGS5,6
fragment containing the arginine boxes. Although the Arg80
Y87F Y110F and Y87F T135S double mutants have an effect
on Arg80 function in vivo (Fig. 3, lines 12 and 20, respectively),
these substitutions do not dramatically affect binding to the
ARGS, 6 site. It is possible that the nonphysiological high levels
of Arg81 that are required for observation of the binding
activity of the complex may compensate for the defects of the
mutants in forming a complex. However, the Y87F and T135S
mutations in combination with a swap of the BI region
(pAJ239) caused a complete loss of binding by the complex
(Fig. 6, lane 5). Since the results of the two-hybrid assays show
that this mutant has decreased affinity with its cofactors, the
absence of binding to DNA is likely a result of the loss of the
formation of the protein complex rather than a result of a loss
of interaction with DNA.

We also assayed the ability of the Arg80-Mcm1-Arg80 chi-
mera to bind as a complex with Arg81 and Mcml to the
ARGS,6 fragment. In agreement with the results of the tran-
scription reporter assays, it was found that the Arg80-Mcm1-
Arg80 chimera containing the wild-type Mcm1 MADS box
domain was unable to bind in complex with Mcm1 and Arg81
to the ARGS,6 site (Fig. 6, lane 6). In contrast, extracts from
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FIG. 6. In vitro binding of wild-type and mutated Arg80 and Arg80-
Mcm1-Arg80 proteins to arginine boxes. The end-labeled 160-bp
Alul-Alul DNA fragment containing the ARGS5,6 control region was
incubated with 10 g of semipurified yeast extracts (11). Strain
02463dAARGS0 containing pYEP34 (ARG81 LEU2) was transformed
with pFL38 (vector; URA3) (lane 1), pFL38-RI (ARGS0) (lane 2),
pAJ234 (arg80-Y8TF-Y110F) (lane 3), pAJ240 (arg80-Y110F-T135S)
(lane 4), pAJ239 (arg80-Y110F-T135S-BI swap) (lane 5), pHL13 (Arg80-
Mcm1-Arg80) (lane 6), pAJ46 (Arg80-mcmI-N-terminal/BI/all swap—
Arg80) (lane 7), pAJ84 (Arg80-mcmI-N-terminal/al/BI swap-A4rg80)
(lane 8), and pAJ8S5 (Arg80-mcmI-N-terminal/al/all swap-Arg80)
(lane 9). All of these strains were grown on 1% galactose.

strains transformed with plasmid pAJ46, pAJ84, or pAJ85
were able to shift DNA. It is worth noting that the hybrid
protein produced from plasmid pAJ84, in which the N-termi-
nal, al, and BI domains were swapped with the corresponding
regions of Arg80, led to the formation of an abundant protein
complex with the arginine boxes even though these substitu-
tions significantly decrease the binding of the protein on its
own to the P site. This result further supports the notion that
this region of Arg80 is important for the protein’s interaction
with its cofactors.

DISCUSSION

The MADS box family of transcription regulatory proteins
contain highly conserved DNA-binding domains. The proteins
in this family bind to conserved DNA sites called CArG boxes,
and many of the MADS box proteins can bind to each other’s
sites with good affinity in vitro (37). This raises the question of
whether these proteins can function for each other in vivo and,
if not, what determines their specific differences. To address
this question, we examined the specificity and role of the Arg80
MADS box protein in the regulation of the transcription of
arginine-metabolic genes in S. cerevisiae. In addition to Arg80,
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FIG. 7. Position of the residues required for Arg80 activity. (A)
The relative positions of residues that affect Arg80 function are dis-
played on a model of the Mcm1 MADS box domain dimer (spacefill)
bound to DNA (stick-like figures). One monomer is shown in white,
and the other is shown in light gray. Residues corresponding to posi-
tions in Arg80 that are required for regulation of arginine metabolism
are shown in dark gray. These residues cluster in a partially contiguous
face on the side of the protein that is part of the dimer interface.
Residue Y87 is from one monomer, while residues Y110, V114, A118,
N119, and T135 are from the other monomer. (B) Contacts between
a2 and Mcml are in a different region of the MADS box domain. A
complex of the a2 linker (dark gray) binding to the Mcm1 dimer is
shown. The Mcm1 dimer is in roughly the same orientation as that shown
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there are three other MADS box proteins in S. cerevisiae,
Mcml1, Smpl, and Rlm1. We have shown that Rlm1 and Smpl1
do not appear to be involved in the regulation of arginine-
metabolic genes. We have also shown that although the U.
maydis Umc] protein can partially replace Mcm1 in the regu-
lation of arginine, neither it nor Mcm1 can fulfill the role of
Arg80. These results show that the few differences between the
MADS box sequences of the Arg80 and Mcm1 proteins are
sufficient to determine the specificity of the Arg80 protein.

The MADS box domains of the Arg80 and Mcm1 proteins
are very similar in their sequences and are likely folded into
similar structures. We have therefore used the crystal structure
of Mcm1 as a model for understanding how Arg80 may fold
and bind DNA (38). Many of the residues involved in DNA
contacts in Mcm1 are conserved in Arg80, so it is also likely
that these proteins bind DNA in a similar manner (Fig. 5A).
However, we have shown that the substitution of the Mcml
MADS box domain into the context of Arg80 does not com-
plement an arg80 mutant, indicating that there are significant
differences in the functional specificities of the two proteins. It
is likely that a significant part of this difference in specificities
is due to differences in interactions with the cofactors that bind
to Arg80. Amino acids at positions that are not conserved
between the two proteins most likely determine the specificity
of the interactions of Arg80 with Mcm1 and Arg81. To identify
which regions of the Arg80 MADS box domain specify these
interactions, we replaced residues in Arg80 with amino acids
found at the same relative positions in the Mcm1 MADS box
domain and examined which substitutions have an effect on
Arg80 function. We also performed the converse experiment
to determine whether substitutions in the Mcm1 MADS box
domain would change its specificity to that of Arg80. Our
mutational analysis shows that while substitutions in any one
region of the protein have little effect on their own, in combi-
nation with mutations in other regions of the protein they
significantly affect Arg80-dependent regulation. The fact that
mutations in any one region do not affect activity on their own
suggests that the remaining interactions with the other regions
of the protein are able to compensate for the loss of proper
contacts by the mutated residues. This result suggests that
there are multiple points of interaction between Arg80 and its
cofactors and that the interface between Arg80 and its cofac-
tors may be very extensive.

In the initial mutagenesis of Arg80, multiple amino acid
substitutions were introduced within each secondary-structure
region of the MADS box domain. In combination with muta-
tions in other regions of the MADS box domain, these changes
caused a large decrease in activity. However, these substitu-
tions could have multiple effects on the activity of the protein
by, for example, altering DNA-binding affinity, stability, pro-
tein folding, or protein interactions. Therefore, to investigate
which residues within a region are important for the interac-
tion with the Arg80 cofactors, we made individual substitutions

in panel A. (C) Contacts between the SAP-1 and SRF are in a different
region of the MADS box domain. A complex of the SAP-1 B-box (dark
gray) binding to the SRF dimer is shown. The SRF dimer is in roughly
the same orientation as that of the Mcm1 dimer shown in panel A.
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within a region. For example, although other substitutions in
the N-terminal arm alter the DNA-binding properties of the
protein, we have shown that only the conservative phenylala-
nine substitution at position Y87, which does not alter DNA-
binding activity, affects the regulatory function of the protein.
We have also shown that substitutions at residues Y110 and
T135 cause a significant decrease in Arg80 activity. The fact
that we can switch the specificity of the Mcm1l MADS box
domain to that of Arg80 by swapping the amino acids at these
positions in combination with residues in the BI strand indi-
cates that these are important determinants of the specificity of
the protein. The observation that the Y110F T135S (pAJ240)
and Y87F Y110F (pAJ234) double mutants and the Y110F,
A118T, N119Q (pAJ254) triple mutant have such a large effect
on Arg80 function further supports the notion that these res-
idues play an important role in the function of the protein.

Although we found that the residues that define Arg80 spec-
ificity lie in several different secondary-structure regions of the
protein (N-terminal arm, al, BI, and BII), in spatial terms
these substitutions all cluster on one side of the protein (Fig.
7A). This region is located away from the DNA and lies along
the edge of the interface between the monomers. Residues
from both monomers make up this partially contiguous sur-
face. It is likely that these residues form a surface of the
protein that is involved in the protein’s interaction with its
cofactors. In support of this idea, we have shown that even
though some of the swaps increase the DNA-binding affinity of
the protein alone to the P site, the protein shows decreased
transcriptional regulation in vivo and fails to bind coopera-
tively in a complex with Arg81 and Mcml in vitro (data not
shown). This result suggests that these substitutions affect the
ability of Arg80 to interact with its cofactors.

Our results suggest that residues Y87, Y110, A118, N119,
and T135 of Arg80 define a partially contiguous surface on the
side of the protein that may interact with the protein’s cofac-
tors (Fig. 7A). However, it is likely that many of the conserved
residues in this region of the protein also play a role in the
interaction of Arg80 with its cofactors. In support of this no-
tion, we have shown that replacement of residue V114, which
lies on the surface between Y87 and Y110, may provide a
contiguous surface for contacts with an Arg80 cofactor, which
is most likely Mcm1. Many of the side chains in this region of
the protein are relatively hydrophobic, suggesting that the in-
teractions with the cofactor may be hydrophobic in nature.
However, the phenylalanine substitutions at positions Y87 and
Y110 significantly decrease the level of Arg80 activity, indicat-
ing that the hydroxyl group of the tyrosine side chain at both of
these positions plays an important role in the function of the
protein. It is possible that these hydroxyl groups are involved in
making hydrogen bond contacts to the Arg80 cofactor and
contribute to the specificity of the protein interactions.

The mutational analysis indicates that there are several sur-
faces of the Arg80 protein that interact with its cofactors. The
results of a previous mutational analysis suggested that Arg82
interacts with conserved solvent-exposed residues in the al
helix of the Arg80 MADS box domain (14). We propose that
another region for cofactor interactions on the surface of
Arg80 is on the side of the protein, i.e., at the dimer interface.
This region of interaction is significantly different from the
region of Mcml that interacts with the yeast MATa2 protein
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or the surface of the mammalian SRF protein that interacts
with SAP-1 (Fig. 7B and C) (17, 38). In both of these cases, the
interaction surface is along the hydrophobic groove formed
between the BII strand and the «ll helix. The regions of
MATa2 and SAP-1 that interact with the Mcml and SRF
MADS box domains, respectively, are also similar to each
other and contain an extended strand that lies in the groove.
One of the main features of these interactions is a conserved
aromatic group that fits into a pocket formed by amino acid
side chains corresponding to residues V131, V143, K149, and
1152 of Arg80. Amino acid substitutions in this region of Mcm1
affect the interaction with a2 (7). We have found that substi-
tutions in this region of Arg80 also cause a decrease in activity,
suggesting that this region may be involved in contacts with
cofactors in a manner similar to the interactions between
Mcml and «2 and between SRF and SAP1. However, the
effects of these mutations are less severe than those of substi-
tutions in other regions of the protein. For example, although
the oIl swap in Arg80 changes a number of the residues in or
around this pocket, the effects of these multiple changes on
Arg80 function are relatively weak. In contrast to substitutions
in the hydrophobic pocket, the replacement of residues Y110,
A118, N119, 1120, 1124, L125, A126, N127, S128, and T135 has
a large effect on Arg80 function. This result differs significantly
from that obtained when substitutions are made at the corre-
sponding positions in Mcm1, which do not affect the interac-
tion with a2 (J. Mead and A. K. Vershon, unpublished data).

Our results are consistent with the idea that there are at least
two different regions on the Arg80 MADS box domain that can
be involved in interactions with cofactors: one formed by the
hydrophobic pocket on the face of the protein and the other in
a groove across the dimer interface on the side of the protein
(Fig. 7). Some residues, such as Y110, F134, T135, and P137,
may be involved in protein interactions in both regions of the
domain. The amino acid side chains of these residues in Mcml1
and SRF are in close contact with both a2 and SAP-1 cofactors
and are also important for the interactions of Arg80 with its
cofactors. It is possible that if a cofactor binds to one face of
the protein and contacts these residues, it may prevent a dif-
ferent cofactor that requires contacts with these residues from
binding and force it to bind to the other face of the MADS box
domain. Alternatively, it is possible that these two interfaces
may simultaneously provide contacts for two different cofac-
tors, helping to form a complex around the MADS box protein.
DNA-binding assays showed that Arg80 binds in a complex
with Mcm1 and Arg81, and two-hybrid studies showed that
Arg80 interacts with Mcml, Arg81, and Arg82 (4, 14). The
multiple surfaces defined through the mutational analysis of
Arg80 may provide the interfaces for interactions with these
different cofactors. It is possible that other MADS box proteins
use this region to interact with their cofactors and that varia-
tions at these residues among the different proteins of the
MADS box family may serve to specify the interactions of
these proteins with their cofactors.
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